In many organisms, there are multiple isoforms of cytoplasmic dynein heavy chains, and division of labor among the isoforms would provide a mechanism to regulate dynein function. The targeted disruption of somatic genes in Tetrahymena thermophila presents the opportunity to determine the contributions of individual dynein isoforms in a single cell that expresses multiple dynein heavy chain genes. Substantial portions of two Tetrahymena cytoplasmic dynein heavy chain genes were cloned, and their motor domains were sequenced. Tetrahymena DYH1 encodes the ubiquitous cytoplasmic dynein Dyh1, and DYH2 encodes a second cytoplasmic dynein isoform, Dyh2. The disruption of DYH1, but not DYH2, resulted in cells with two detectable defects: 1) phagocytic activity was inhibited, and 2) the cells failed to distribute their chromosomes correctly during micronuclear mitosis. In contrast, the disruption of DYH2 resulted in a loss of regulation of cell size and cell shape and in the apparent inability of the cells to repair their cortical cytoskeletons. We conclude that the two dyneins perform separate tasks in Tetrahymena.
INTRODUCTION
Dynein is a molecular motor that transduces chemical energy into mechanical motion along microtubules. There are two functional classes of dynein: axonemal dynein that produces the propagated bending of cilia and of eukaryotic flagella and nonaxonemal or "cytoplasmic" dynein that performs functions other than ciliary beating. Cytoplasmic dynein is implicated in a variety of intracellular movements, including fast retrograde transport (Schroer et al., 1989; Muresan et al., 1996) , slow axonal transport (Cleveland and Hoffman, 1991; Dillman et al., 1996) , mediation of the trafficking of membrane-bounded organelles (Corthesy-Theulaz et al., 1992; Aniento et al., 1993; Fath et al., 1994; Oda et al., 1995; Holleran et al., 1996) , the organization and separation of the bipolar mitotic spindle (Verde et al., 1991; Vaisberg et al., 1993; Saunders et al., 1995; Echeverri et al., 1996) , and postmitotic nuclear migrations in yeast and filamentous fungi (Eshel et al., 1993; Li et al., 1993; Plamann et al., 1994; Xiang et al., 1994; Inoue et al., 1998) .
The realization that dynein performs so many different tasks and the discovery that many organisms express multiple dynein heavy chain genes lead to the hypothesis that different dynein isoforms perform different cellular tasks (reviewed in Asai, 1996) . Cilia and eukaryotic flagella provide clear examples of dynein functional specialization (Piperno, 1990) . The close coordination of ϳ12 distinct axonemal dynein heavy chains produces axonemal bending (e.g., Piperno and Ramanis, 1991; Mastronarde et al., 1992; reviewed in Brokaw, 1994) .
The functional specialization of the cytoplasmic dyneins is not well understood. All eukaryotes examined express homologues of the ubiquitous Dyh1 (also called MAP1C, cDHC1, DHC1a), and some organisms, including Saccharomyces, Aspergillus, Neurospora, and Dictyostelium, apparently have only this dynein. In the analysis of the family of dynein genes expressed in sea urchin, the catalytic domain of a second putative cytoplasmic dynein heavy chain, originally called DYH1b and here referred to as Dyh2, was identified and partly sequenced (Gibbons et al., 1994) . Homologues of Dyh2 have subsequently been identified in mammals, in which it has been called DLP4, DHC1b, and cDHC2 (Tanaka et al., 1995; Criswell et al., 1996; Criswell and Asai, 1998; Vaisberg et al., 1996) . This second cytoplasmic dynein isoform also has been identified in Chlamydomonas (Pazour et al., 1999; Porter et al., 1999) and Caenorhabditis elegans (Wilson et al., 1994) . In this manuscript, we describe two Tetrahymena dynein heavy chain genes: DYH1 encodes Dyh1 protein that is the homologue of sea urchin 1a, and DYH2 encodes Dyh2 that is the homologue of sea urchin 1b. To simplify the following discussion, we use "Dyh1" and "Dyh2" to describe these isoforms that, in the original manuscripts, were referred to by other names.
Previous studies provide compelling evidence that Dyh2 is a bona fide cytoplasmic dynein. The gene encoding Dyh2 is expressed in unciliated tissues (Tanaka et al., 1995; Criswell et al., 1996; Vaisberg et al., 1996) . The Dyh2 protein was immunolocalized to the Golgi apparatus in unciliated fibroblasts (Vaisberg et al., 1996) , and injection of antibodies to Dyh2 caused the dispersal of the Golgi apparatus (Vaisberg et al., 1996) . The expression of the gene encoding Dyh2 but not Dyh1 was shown to be upregulated during ciliogenesis in primary cultures of rat tracheal epithelial cells, and isoform-specific antibodies revealed that Dyh2 protein accumulated at the apical ends of these cells but appeared to be excluded from the cilia (Criswell et al., 1996) .
As do larger eukaryotes, the ciliated protozoan Tetrahymena thermophila expresses ϳ15 separate dynein heavy chain genes, including ones encoding Dyh1 and Dyh2 . The Tetrahymena microtubule cytoskeleton includes a cortical cage that helps to determine cell size and shape and provides the framework for the rows of ciliary basal bodies and other cytoplasmic microtubules that mediate intracellular movements including micronuclear mitosis and meiosis (reviewed in Frankel, 1999) . Each cell has two functionally distinct nuclei: the diploid germline micronucleus is transcriptionally silent and therefore not required for vegetative growth, and the somatic macronucleus contains ϳ45 copies of each gene and determines the phenotype of the cell. During vegetative growth, the cell divides every ϳ2.5 h during which an intranuclear mitotic spindle mediates the accurate separation of the five micronuclear chromosomes. However, unlike the micronucleus, the macronucleus divides amitotically, being pinched apart during cytokinesis. The amitotic division of the macronucleus separates the somatic genome imperfectly and can lead to phenotypic assortment of a macronuclear allele (Sonneborn, 1974) . Because the micronucleus is not transcribed, the accurate segregation of micronuclear chromosomes is not required for vegetative growth. Indeed, many species of Tetrahymena are amicronucleate; they are propagated vegetatively but cannot undergo sexual reproduction (Nanney and Simon, 1999) .
Recent advances provide efficient methods to achieve macronuclear gene disruption in which a selectable marker is inserted into the targeted chromosome exclusively by homologous recombination (Gaertig and Gorovsky, 1992; Cassidy-Hanley et al., 1997) . Phenotypic assortment leads to the rapid and complete replacement of the wild-type gene if the targeted gene is not required for growth or to the incomplete elimination of an essential gene. In both cases, the transformants remain viable, and even in the case of an incomplete replacement, a phenotype may be observed. Thus Tetrahymena presents the unique opportunity to focus on the cellular contributions of an individual dynein in a cell with many dyneins. In the present study, we have disrupted the macronuclear DYH1 and DYH2 genes individually. These disruptions reveal that the two cytoplasmic dyneins are functionally specialized.
MATERIALS AND METHODS

Nomenclature Used in This Manuscript
The nomenclature originally introduced in the sea urchin study (Gibbons et al., 1994) is useful because it organizes the dynein heavy chains in a hierarchy based on the sequences of the catalytic domains (see Gibbons, 1995) . However, similarity between sequences does not necessarily mean that the two dyneins are also functionally related. Thus, we have adopted a nomenclature that is neutral in terms of dynein function and is in keeping with the recently adopted rules for naming Tetrahymena genes (Allen et al., 1998) .
Cloning and Characterization of DYH1 and DYH2
Degenerate oligonucleotide primers corresponding to conserved sequences near the dynein P1 loop were used in RNA-directed PCR (reverse transcription [RT]-PCR) (Asai and Criswell, 1995) . Sequencing of the 180-bp RT-PCR products identified several different dynein heavy chain fragments, including ones whose deduced amino acid sequences corresponded to those of Dyh1 and Dyh2 described in other organisms. Genomic clones of Tetrahymena DYH1 and DYH2 were obtained by screening a phage library constructed from wild-type (B2086) macronuclear DNA partially digested with BglII and ligated into the XhoI-half site of the lambda arms Promega, Madison, WI) . Double-stranded DNA was purified (plasmid columns, Qiagen, Chatsworth, CA) and sequenced using Thermo Sequenase (Amersham, Cleveland, OH) or by the Purdue Center for DNA sequencing using cycle-sequencing methods. Sequences were analyzed with the GCG software package (version 9.1 [1997] , University of Wisconsin, Madison, WI). Southern blots of genomic DNA and Northern blots of total RNA (Chomczynski and Sacchi, 1987) were processed by standard methods (Sambrook et al., 1989) . The Northern blot of RNA from reciliating cells (see Figure 2 ) was probed, stripped by treating the blot for 5 min with hot 0.1% SDS, and then reprobed. The intensities of the signals were estimated by densitometry using ImageQuant (Molecular Dynamics, Sunnyvale, CA).
The intron-exon organizations of the genes were determined by RNA-directed PCR. RT-PCR using primers whose sequences were derived from the genomic sequence was used to produce overlapping cDNAs spanning the catalytic domains of DYH1 and DYH2. Approximately 20 g of total RNA from wild-type (B2086) cells was primed with 100 pmol of random hexamers and reverse-transcribed (Superscript II, Life Technologies, Gaithersburg, MD). Approximately 1 g of the resulting cDNA was then used as the template for each PCR reaction. The amplified cDNAs were purified and sequenced.
Targeted Disruption of Macronuclear DYH1 and DYH2
The neomycin-resistance gene was inserted into the coding region of each dynein gene using the p4T2-1 disruption plasmid (the gift of Dr. Marty Gorovsky, University of Rochester, Rochester, NY) that contains the histone 4 promoter region, the neomcyin-resistance coding region, and the 3Ј-untranslated region of ␤ tubulin. The DYH1 disruption construct was made by inserting the neo gene at the KpnI site, and the DYH2 disruption construct was made by deleting the 1.8-kb EcoRV-EcoRV fragment and replacing it with the neo gene (see Figure 3 , a and b). Transformation was achieved by biolistic bombardment of mating cells (Cassidy-Hanley et al., 1997) . Wild-type B2086 and CU428.1CSHL cells (from Dr. Peter Bruns, Cornell University, Ithaca, NY) were starved in 10 mM Tris-Cl, pH 7.5, before their mating. Ten to twelve hours after initiation of conjugation, the paired cells were bombarded with the disruption plasmids coated onto 1-m gold particles (ϳ3 mg of DNA per 1 g of particles) using the PDS-1000/He Biolistic Particle Delivery System particle gun (Bio-Rad, Richmond, CA). After bombardment, the cells were recovered for 3 h in Neff medium (0.25% proteose peptone, 0.25% yeast extract, 0.5% dextrose, 0.03 mM FeCl 3 ) and then plated into Neff medium supplemented with paromomycin at 0.1 mg/ml. Transformants were identified after 3 d and then replated in progressively higher concentrations of paromomycin. Chemicals were purchased from Sigma (St. Louis, MO).
Evaluation of the Phenotypes by Microscopy
Phagocytosis. Living cells were fed 2.16-m fluorescent carboxylated polystyrene beads (Sigma, St. Louis, MO) by the use of the method described by Batz and Wunderlich (1976) . After 1 h of incubation with the beads, the cells were washed, fixed in formaldehyde, and visualized by confocal fluorescence microscopy.
4,6-Diamidino-2-phenylindole (DAPI) Staining. Cells were fixed in 3.7% formaldehyde and stained with DAPI. The DAPI-stained cells were examined and photographed with an epi-illumination fluorescence microscope using a 50-W Hg lamp.
Indirect Immunofluorescence Microscopy. Cells were permeabilized and fixed in microtubule-stabilizing buffer (Cole and Stuart, 1999) . To visualize the mitotic apparatuses, we double-stained the cells with mouse monoclonal anti-tubulin antibodies (Asai et al., 1982) and with rabbit anti-phosphorylated histone antibody (Upstate Biotechnology, Lake Placid, NY), which stains only condensed chromatin (Lu et al., 1994) . To visualize the surface cilia, we stained the cells with monoclonal anti-tubulin antibodies. The antibody-stained cells were viewed by confocal laser fluorescence microscopy using a Bio-Rad MRC1024 instrument equipped with a Kr/Ar laser.
Surface Areas. Cells were fixed in 2.5% glutaraldehyde in 100 mM NaCacodylate, pH 7.3. The cells were photographed using differential interference contrast optics, and the images were captured using a Dage (Michigan City, IN) Nuvicon camera and Scion (Frederick, MD) frame-grabber. Measurements were made using the particle analysis program in National Institutes of Health Image 1.61 (http://rsb.info.nih.gov/nih-image/).
Scanning Electron Microscopy. Cells were fixed in 2.5% glutaraldehyde and 1% OsO 4 in 100 mM NaCacodylate, pH 7.3, for 10 min, washed in water, stained with 1% uranyl acetate for 1 h, and critical point dried.
Reciliation Experiments Cells were deciliated by a modification of standard methods (Rosenbaum and Carlson, 1969) . Exponentially growing cultures of cells were harvested by centrifugation (1000 ϫ g, 2 min, room temperature) in oil tubes. The cell pellet was resuspended in two volumes of ice-cold buffer A (10 mM EDTA, 50 mM sodium acetate, pH 6.0) and transferred to a sterile 50-ml tube containing 10 ml of ice-cold sterile water and 0.5 ml of 0.2 M CaCl 2 . The cell suspension was gently agitated by end-over-end mixing for 45 s. The deciliated cells were then transferred to 600 ml of fresh Neff medium and allowed to reciliate. In a Northern blot experiment (see Figure 2 ), the cells were allowed to reciliate for 2 h and then deciliated again. Total RNA was isolated from the cells after 45 min of recovery from the second deciliation. Total RNA was also isolated from mock-deciliated cells that were subjected to the same treatments except that the calcium was omitted from the deciliation steps. The deciliation and reciliation of the cells were confirmed by observing the cells by bright-field microscopy.
RESULTS
Characterization of Tetrahymena DYH1 and DYH2
Short fragments of several Tetrahymena dynein heavy chain genes were obtained by the RT-PCR method using degenerate oligonucleotide primers that correspond to conserved sequences. Comparison of these sequences with those of dynein isoforms from other organisms identified the Tetrahymena genes encoding Dyh1 and Dyh2. The RT-PCR fragments were used to screen a Tetrahymena macronuclear genomic library that yielded single lambda clones containing large portions of DYH1 and DYH2. The DYH1 clone is ϳ17 kb in length, begins near the 5Ј end of the coding region, and extends past the 3Ј end of the gene. The DYH2 clone is ϳ15 kb in length, includes the 5Ј end of the coding region, but lacks 3-4 kb of the 3Ј end of the gene. The lambda inserts were mapped with restriction enzymes, and the central motor domains, which include the four P-loops, were sequenced. These sequences have been deposited in the database (GenBank accession numbers AF025312 and AF025313). To identify unambiguously the open-reading frames, we sequenced overlapping cDNAs obtained by RNA-directed PCR. The comparisons between the genomic sequences and the cDNA sequences identified several introns in the central regions encoding the catalytic domains of both dynein genes (see GenBank deposits). DYH1 has 10 introns of 50 -64 nucleotides (average length, 56); DYH2 has 12 introns of 50 -108 nucleotides (average length, 75). The intron-exon organizations of the two genes are distinct.
There are three organisms from which substantial sequence information for both Dyh1 and Dyh2 has been determined: sea urchin (Gibbons et al., 1992 (Gibbons et al., , 1994 , nematode (Wilson et al., 1994; Lye et al., 1995) , and Tetrahymena. The aligned catalytic domain sequences of the six dyneins are shown in Figure 1 . An asterisk marks a position at which there is a conserved amino acid in the three Dyh1 sequences and a different conserved amino acid in the three Dyh2 sequences. The three Dyh1 sequences are more similar to one S. Lee et al. another than to any Dyh2 sequence, and the three Dyh2 sequences are more similar to one another than to any Dyh1 sequence.
Similar to what was found in sea urchin embryos (Gibbons et al., 1994) and rat tracheal epithelial cells (Criswell et al., 1996) , DYH2 expression increased during ciliogenesis in Tetrahymena. Total RNA was obtained from mock-and twice-deciliated wild-type (B2086) cells. Northern blots revealed that the steadystate concentration of DYH2 RNA, but not of DYH1 RNA, was increased in response to deciliation. The results of one such experiment are shown in Figure 2 . To circumvent potential variations caused by uneven loading of the gel, we repeatedly probed and stripped the same blot. As a positive control, the blot was also probed with a cDNA fragment of ciliary dynein ␤ heavy chain (the DYH4 gene). Deciliation interrupts the growth of the cells, and a gene whose expression is reliably unaltered is unavailable. Thus, this experiment provides a comparison of the changes after deciliation in DYH1 and DYH2 expression but does not measure absolute levels of expression.
KO-1 and KO-2 Are Targeted Knockouts of DYH1 and DYH2
The two cytoplasmic dynein genes were separately disrupted by inserting the neomycin-resistance gene into the coding region, which resulted in two gene knockout cell lines referred to as KO-1 and KO-2 (see Figure 3 , a and b). Southern blots using dynein-specific probes showed the loss of the appropriately sized fragment in the KO cell lines, and the neo probe, which hybridized with only a single band in each case, demonstrated that the neomycin-resistance gene was inserted only in the targeted genes ( Figure 3, c and d) . Northern blots showed the decreased expression of the targeted gene, but not of the untargeted gene, in each transformed cell line (Figure 3e ). On the basis of the Southern and Northern analyses, the wild-type version of DYH2 appeared to be completely eliminated in the KO-2 transformants. However, the wildtype version of DYH1 could not be completely eliminated in the KO-1 transformants even after prolonged selection in paromomycin; thus, KO-1 is an incomplete knockout. Culturing the KO-1 cells without paromomycin for 3 d resulted in an increase in the copy number of the wild-type version of DYH1 (Figure 3f ). Therefore, it was possible to modulate the level of DYH1 by adjusting the selection pressure, and this modulation was exploited in the following experiments.
Dyh1, but Not Dyh2, Is Required for Phagocytic Activity in Tetrahymena Normal feeding behavior in Tetrahymena begins at the oral apparatus where food particles are phagocytosed. The engulfed material is then transported along the length of the cell, and the unused material is eventually expelled at the cytoproct located at the posterior end. This process requires ϳ2 h and can be easily visualized by feeding the cells ϳ2-m fluorescent latex beads (Batz and Wunderlich, 1976) . Using fluorescent beads, we performed a simple phagocytosis assay, and the results are shown in Figure 4 . Cells were allowed to "feed" on the beads for 1 h and then washed, fixed, and counterstained with the nonspecific membrane dye 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethyloxycarbocyanine perchlorate (DiOC6, Sigma). The cells were then examined by confocal fluorescence microscopy. The KO-1 cells, but not the KO-2 cells, were mostly unable to take up the beads. The defect in phagocytosis exhibited by the KO-1 cells could be reversed by first growing the KO-1 cells for 3 d in no paromomycin, a treatment that restores the wild-type copy number of the DYH1 gene (see Figure 3f , above). The inability of the drug-selected KO-1 cells to undergo phagocytosis was not simply a side effect of the Figure 2 . Stimulation of DYH2 in response to deciliation. Total RNA was isolated from mock-and twice-deciliated wild-type cells. (a) The Northern blots were repeatedly probed, exposed to x-ray film, stripped, and then reprobed to obtain the data shown. The autoradiography signals were measured by densitometry. (b) The relative densities are plotted. The steady-state concentration of DYH2 RNA, but not that of DYH1, increased during reciliation. The positive control in this experiment was ciliary dynein ␤ heavy chain DYH4 (accession number AF072878) that also increased in expression in response to deciliation. Figure 1 (facing page) . Alignment of catalytic domain sequences of Dyh1 and Dyh2. The deduced amino acid sequences of Dyh1 and Dyh2 from Tripneustes gratilla (SU-1 and SU-2; accession numbers Z21941 and U03969), C. elegans (Ce-1 and Ce-2; accession numbers L33260 and Z75536), and Tetrahymena thermophila (Tt-1 and Tt-2; accession numbers AF025312 and AF025313) were aligned by the PILEUP program (GCG, University of Wisconsin). The four P-loops are identified. Each position (*) at which there is a conserved residue in the three Dyh1 sequences that is different from a conserved residue in the three Dyh2 sequences is identified.
Separate Functions of Dyh1 and Dyh2
Vol. 10, March 1999paromomycin because the KO-2 cells, which continued to phagocytose the beads, were grown in the same drug concentration as were the KO-1 cells (paromomycin at 10 mg/ml). Thus, Dyh1 is required for normal phagocytosis activity.
Dyh1, but Not Dyh2, Is Required for Chromosome Segregation during Micronuclear Mitosis
Cultures of vegetatively growing cells were fixed and stained with DAPI to assess their nuclear phenotypes. When the KO-1 cells were grown in the presence of a high concentration of drug (paromomycin at 10 mg/ ml), many of the cells lacked a distinct micronucleus (Figure 5a ). It is possible that these cells retained a fragment of the micronucleus, which was obscured by the brightly stained macronucleus. In contrast, the KO-2 cells grown under the same selection conditions possessed a normal-appearing micronucleus, thus demonstrating that the micronuclear effect in the KO-1 cells was not a side effect of the paromomycin treatment. The relationship between DYH1 and the micronuclear phenotype was further explored by culturing the cells in different concentrations of paromomycin, staining the cells with DAPI, and scoring the cells for the presence of a distinct micronucleus (Figure 5b ). In this experiment, samples were coded and then scored (n Ͼ 200 for each treatment) by a student who did not know the code. Increasing the paromomycin concentration resulted in a reduction in the proportion of KO-1 cells with a distinct micronucleus. In contrast, the same treatments had no effect on the presence or appearance of the micronuclei in KO-2 cells. Wildtype cells are sensitive to paromomycin and so would not be a particularly meaningful control in this experiment. However, wild-type cells grown with no drug, fixed, and stained with DAPI revealed numbers of micronuclei per cell similar to what was found with KO-2 cells. Because the copy number of the wild-type version of DYH1 could be manipulated by adjusting the drug concentration (see Figure 3f) , this result demonstrates that Dyh1 is required for the maintenance of a normal micronucleus during vegetative growth.
The apparent loss of the micronucleus in KO-1 cells during vegetative growth suggested that these cells were defective in some aspect of micronuclear mitosis. Normal cell division in Tetrahymena occurs in three discrete steps and is illustrated in Figure 6 , top: 1) The condensed micronuclear chromosomes undergo an early anaphase A in which the two sets of daughter Vol. 10, March 1999 chromosomes are drawn to opposite ends of the micronucleus, 2) this is followed by an extensive anaphase B in which the two sets of chromosomes are separated ϳ30 m, and 3) after anaphase B, the cell undergoes cytokinesis that results in one daughter micronucleus in each cell and the pinching apart of the (amitotic) macronucleus.
To determine how the micronuclei were lost in KO-1 cells, we grew the cells for 3 d in the absence of selection drug to restore to the culture a significant number of cells with micronuclei and then returned the cells to paromomycin at 10 mg/ml and grew them for another day in the drug to deplete them of wildtype DYH1 gene. The cells were then fixed and stained with DAPI. Most of the KO-1 cells examined lacked distinctly stained micronuclei. However, the few KO-1 cells with a micronucleus and fixed during cell division displayed an aberrant micronuclear mitosis. In contrast to what was observed in wild-type cells, the KO-1 cells failed to segregate their chromosomes to opposite poles (Figure 6, bottom) . Instead, the condensed chromosomes appeared to fill the length of the micronucleus, resulting in thread-like DAPI-stained material as the micronuclei elongated. Occasionally more than one thread-like micronucleus was observed in the same cell, suggesting that the cell had more than one micronucleus (or more than one micronuclear fragment). Wild-type cells also were occasionally multimicronucleated.
To confirm the continued presence of spindle microtubules in the dividing KO-1 cells, we fixed and double-stained the cells with monoclonal mouse anti-tubulin antibodies and rabbit anti-phosphorylated histone antibody that reacts only with condensed chromatin (Lu et al., 1994) . The micronuclei of the dividing KO-1 cells possessed what appeared to be normal spindles except that the chromosomes were intertwined with the microtubules throughout the micronucleus instead of being segregated at the poles (Figure 7 ).
Dyh2 Contributes to the Maintenance of the Cortical Cytoskeleton
In contrast to the KO-1 cells, the KO-2 transformants underwent normal phagocytosis and micronuclear Figure 6 . Dyh1 is required for normal micronuclear chromosome distribution during mitosis. Wild-type and KO-1 cells were fixed with formaldehyde, stained with DAPI, and viewed by fluorescence microscopy. To capture KO-1 cells with micronuclei, we grew the cells for 3 d in the absence of paromomycin, returned the cells to drug at 10 mg/ml for 1 d, and then fixed and stained the cells. A gallery of cells is shown in this figure; in each photograph, the dividing micronucleus is at the viewer's left. Top, wild-type micronuclear mitosis. Bottom, KO-1 micronuclear mitosis. In the wild-type cells, the two sets of chromosomes separated very early in mitosis. In the KO-1 cells, the chromosomes never segregated to opposite poles. Instead, chromosomal DNA was spread through the micronucleus as mitosis proceeded. This resulted in one or more thread-like DAPI-stained structures. Figure 7 . Double immunofluorescence microscopy of micronuclear mitotic apparatuses. Cells were permeabilized, fixed, and stained with anti-tubulin and anti-phosphorylated histone antibodies. The cells were viewed by confocal scanning laser fluorescence microscopy. The microtubules are green, the chromatin is red, and yellow is the superposition of the two stains. Top, wild-type micronuclear mitosis. Bottom, KO-1 micronuclear mitosis. Bar, 10 m. mitosis. However, the KO-2 cells were often aberrant in size and shape. Unlike wild-type and KO-1 cells, the KO-2 cells varied widely in size, and many of the KO-2 cells were significantly larger than the wild-type and KO-1 cells (Figure 8 ). Scanning electron microscopy revealed that many of the KO-2 cells were misshapen (Figure 9) .
The abnormal shapes of many of the KO-2 cells suggested possible defects in the integrity of the cortical cytoskeleton. Because the cortical cytoskeleton is responsible for the positioning of the ciliary basal bodies, we reasoned that the pattern of surface cilia would reflect the organization of the underlying cortical microtubules. Wild-type, KO-1, and KO-2 cells were deciliated with a calcium shock and then returned to fresh media and allowed to reciliate. All three cell lines regrew cilia at approximately the same rate. However, unlike the normal pattern of cilia on the wild-type and KO-1 cells, the cilia on the KO-2 cells often emerged randomly and not in the normal rows (Figure 10 ). This result suggests that the KO-2 cortical microtubules were disrupted during the calcium deciliation step and did not reform correctly during the time course of this experiment.
DISCUSSION
In this study, we have taken advantage of the nuclear dimorphism and targeted replacement of somatic genes in Tetrahymena thermophila to dissect the roles of two cytoplasmic dyneins in the same cell. The disruption of DYH1 resulted in a loss of phagocytic activity and a mitotic defect in which the chromosomes failed to segregate during anaphase A. In contrast, the disruption of DYH2 affected the ability of the cell to maintain the cortical microtubule cytoskeleton. We conclude that the two dyneins perform distinct functions in Tetrahymena.
Heretofore, most of the genetics of cytoplasmic dynein has focused on the ubiquitous cytoplasmic Dyh1. In organisms with only one dynein gene, including budding yeast and filamentous fungi, disruption of Dyh1 produces defects in mitotic spindle positioning and postmitotic nuclear movements, but the cells remain viable (Eshel et al., 1993; Li et al., 1993; Plamann et al., 1994; Xiang et al., 1994; Inoue et al., 1998) . In contrast, in organisms with multiple dyneins-Drosophila (Gepner et al., 1996) , mouse (Harada et al., 1998) , and now Tetrahymena-Dyh1 appears to be required for normal growth.
Dyh1 and Phagocytosis
Our finding that KO-1 cells were defective in the phagocytosis of fluorescent beads is consistent with previous results obtained in other systems in which cytoplasmic dynein has been implicated in the retrograde trafficking of membrane-bounded organelles and vesicles (e.g., Schroer et al., 1989; Oda et al., 1995; Muresan et al., 1996) . If the KO-1 cells were able to complete phagocytosis but were then blocked in the subsequent transport of the vesicles to the cytoproct, we would expect to find an accumulation of fluorescent beads at the anterior end of the cells, but this was not observed. Thus, our results demonstrate a requirement for Dyh1 in the engulfment of the beads but do not reveal whether dynein is also involved in vesicle transport. Because Tetrahymena can take up nutrients by alternate mechanisms (Rasmussen and Orias, 1975) , it is not clear whether the effect on phagocytosis is the reason DYH1 is apparently an essential gene. The lack of phagocytic activity was not simply caused by a loss of the oral apparatus, which can occur when the micronucleus is completely eliminated (Haremaki et al., 1996) , because anti-tubulin immunofluorescence 
Dyh1 and Chromosome Distribution
During micronuclear anaphase A in wild-type cells, the two sets of chromosomes are drawn to opposite ends of the micronucleus by kinetochore microtubules Davidson, 1979, 1980) . After chromosome segregation, the micronucleus travels from the center of the cell to near the cortex where it undergoes a dramatic elongation, growing from a length of 1-2 m to Ͼ30 m. Micronuclear elongation is driven by the extension and rearrangement of the intranuclear spindle microtubules that are located between the two sets of chromosomes and by the stretching of the micronucleus surface along longitudinally oriented cortical microtubules (Jaeckel-Williams, 1978) . In our experiments, the disruption of DYH1 blocked chromosome distribution but did not affect micronuclear elongation, and the disruption of DYH2 had no discernible effect on any aspect of mitosis. Thus, in Tetrahymena, dynein appears not to be involved in the migration of the dividing micronucleus from the center of the cell to near the surface, in the extension of the mitotic spindle, or in the stretching of the micronucleus along cortical microtubules.
In the dividing KO-1 cells, the micronuclear chromosomes failed to segregate, implying that Dyh1 is required for the effective attachment of the chromosomes to the kinetochore microtubules or for normal chromo- some movement to the opposite poles after kinetochore attachment. Experiments in other organisms have shown that dynein activity is associated with the kinetochore (Pfarr et al., 1990; Rieder and Alexander, 1990; Steuer et al., 1990; Echeverri et al., 1996) . We are currently developing reagents with which to visualize the Dyh1 protein in Tetrahymena cells; the location of dynein relative to the mitotic apparatus will be important in understanding the mechanism by which Dyh1 participates in anaphase A.
Because the micronuclear genome is not transcribed, the inaccurate segregation of chromosomes during micronuclear mitosis would not be expected to affect the phenotype of the daughter cells, and micronuclear aneuploidy would be detected only after mating when a new macronucleus is formed. Such a cell might be analogous to nullisomic or "star" strains that lack substantial portions of the micronuclear genome (Bruns et al., 1983) . However, in experiments in which the entire micronucleus is eliminated at one time, the progeny do not survive (Haremaki et al., 1996) . Thus, a culture of KO-1 cells is likely to be unstable because the micronuclei are randomly fragmented at every cell division; if too much of the micronucleus is lost, then the cell may not survive. The KO-1 cells illustrate the potential of Tetrahymena as a model system with which to dissect mitotic mechanisms: 1) anaphase A and B are temporally well resolved, 2) mutations can be generated by targeted gene disruptions, and 3) mutations affecting mitosis do not immediately affect the viability of the cell.
Dyh2 and the Maintenance of the Cytoskeleton
The disruption of DYH2 produced an intriguing phenotype, quite distinct from the effects of disrupting DYH1. The KO-2 cells were defective in the maintenance of their cortical cytoskeletons. This apparent loss of regulation led to wide variations in cell size and shape. One interpretation of these results is that Dyh2 participates in the repair and remodeling of the Tetrahymena cytoskeleton, which must be reformed at each cell division (every 2.5 h at 30°C). The putative repair function of Dyh2 was most evident in the reciliation experiment. The cells were deciliated with a brief exposure to a high concentration of calcium ion, a treatment that disrupted the cortical microtubules that arrange the ciliary basal bodies or kinetids. The pattern of reciliation revealed that the underlying cytoskeleton remained disorganized in the KO-2 cells. An important future problem will be to determine what cargoes Dyh2 carries to perform this task. The result in Tetrahymena is reminiscent of findings in Dictyostelium discoideum and Saccharomyces cerevisiae in which overexpression of the dynein globular head domain affected the microtubule cytoskeleton and cell polarity (Koonce and Samso, 1996; Shaw et al., 1997) . Slime mold and yeast have only one dynein, Dyh1, whereas Tetrahymena uses a separate dynein, Dyh2, to organize the cytoskeleton, thus underscoring the division of labor achieved with multiple dynein isoforms.
In nonciliated fibroblasts, Dyh2 was shown to participate in the organization of the Golgi apparatus (Vaisberg et al., 1996) . In Tetrahymena thermophila, the Golgi apparatus is located at and organized by the cortical cytoskeleton (Kurz and Tiedtke, 1993) . If Dyh2 is important in maintaining the cortical cytoskeleton, then the absence of Dyh2 might have an indirect effect on Golgi function. However, we have observed no noticeable defect in regulated exocytosis (Chilcoat et al., 1996) in the KO-2 cells.
In sea urchin embryos, rat tracheal epithelial cells, and Tetrahymena, the steady-state concentration of transcripts encoding Dyh2 increased during cilia formation. This implies that Dyh2 is either a component of the cilia or is involved in ciliogenesis, perhaps carrying ciliary precursors to the site of their incorporation. We therefore expected that the elimination of DYH2 expression would have an effect on cilia formation in Tetrahymena. However, the KO-2 cells were able to regenerate their cilia with approximately normal kinetics, and no gross abnormality in the KO-2 ciliary axonemes was detected by electron microscopic Figure 10 . Disruption of surface ciliary pattern in reciliated KO-2 cells. Wild-type (B2086), KO-1, and KO-2 cells were deciliated with calcium and then returned to Neff medium. At the indicated times after deciliation, the cells were fixed and stained with anti-tubulin antibodies and then viewed by confocal laser scanning fluorescence microscopy. The wild-type and KO-1 cells regrew their cilia in rows corresponding to the longitudinal cortical microtubules. In contrast, the KO-2 cells regrew their cilia in a disorganized manner.
analysis. This result is particularly intriguing because of the recent reports that disruption of the gene encoding Dyh2 in Chlamydomonas results in abnormal flagella (Pazour et al., 1999; Porter et al., 1999) . If Dyh2 is used for cytoskeletal remodeling as we suggest, its impact may be observed in different places depending on the organism. In Tetrahymena, most of the cilia are terminal organelles that do not shorten or elongate, and remodeling occurs mostly in the cortical cytoskeleton. However, in Chlamydomonas, remodeling occurs in the flagella, which must be able to change in length constantly in response to environmental cues and for cell division (see Tuxhorn et al., 1998) .
Complexity of Dynein Functions: Genes and Environment
The techniques of modern molecular biology have provided the means to identify rapidly the dynein heavy chain genes in several model organisms. Although we do not yet have a complete understanding of the structure-function relationships of dynein heavy chains in organisms with multiple dyneins, it is reasonable to expect that there is functional specialization among the dynein isoforms, as has been documented for the kinesin family of microtubule motors (reviewed in Cole and Scholey, 1995; Vale and Fletterick, 1997) . The genetic dissection of the several axonemal dyneins demonstrates their individual specializations (reviewed in Piperno, 1990; Asai and Brokaw, 1993; Brokaw, 1994) , and isoform-specific antibodies suggest separate tasks for three different cytoplasmic dyneins in vertebrate cells (Vaisberg et al., 1996) . The present study extends this idea by providing a clear example of the division of labor between two cytoplasmic dyneins within the same cell.
Although there is specialization among dynein isoforms within a single cell, it is appropriate to consider cellular context as a second important element in the determination of dynein function. A particular dynein isoform may do different things in different contexts. For example, Dyh2 appears to perform distinct tasks in unciliated fibroblasts versus ciliated epithelial cells and in Tetrahymena versus Chlamydomonas. Another striking example is the apparent involvement of dynein ␤ heavy chain in the establishment of visceral handedness at a time when the embryonic cells may not be ciliated (Supp et al., 1997) . The contextual regulation of dynein function suggests that it is not simply the heavy chain isoform sequence that determines function. Rather, what a dynein does in a particular cell may also be controlled by other factors, including interaction with specific dynein subunits and dynein accessory proteins, and by posttranslational modifications of dynein subunits.
